A successful bone tissue engineering strategy entails producing bone-scaffold constructs with adequate mechanical properties. Apart from the mechanical properties of the scaffold itself, the forming bone inside the scaffold also adds to the strength of the construct. In this study, we investigated the role of in vivo cyclic loading on mechanical properties of a bone scaffold. We implanted PLA/β-TCP scaffolds in the distal femur of six rats, applied external cyclic loading on the right leg, and kept the left leg as a control. We monitored bone formation at 7 time points over 35 weeks using time-lapsed micro-computed tomography (CT) imaging. The images were then used to construct micro-finite element models of bone-scaffold constructs, with which we estimated the stiffness for each sample at all time points. We found that loading increased the stiffness by 60% at 35 weeks. The increase of stiffness was correlated to an increase in bone volume fraction of 18% in the loaded scaffold compared to control scaffold. These changes in volume fraction and related stiffness in the bone scaffold are regulated by two independent processes, bone formation and bone resorption. Using time-lapsed micro-CT imaging and a newly-developed longitudinal image registration technique, we observed that mechanical stimulation increases the bone formation rate during 4-10 weeks, and decreases the bone resorption rate during 9-18 weeks post-operatively. For the first time, we report that in vivo cyclic loading increases mechanical properties of the scaffold by increasing the bone formation rate and decreasing the bone resorption rate.
Introduction
The accepted paradigm in bone tissue engineering is to combine a scaffold with cells and/or growth factors [1] [2] [3] [4] [5] [6] . The scaffold is used for its osteoconductive properties [7, 8] and the cells or growth factors are used for their osteoinductive or osteogenic properties [9, 10] . While successful in vivo studies [11, 12] and in clinical studies [13] , this strategy has difficulties to settle in routine clinical practice. The reasons are manifold but often related to the cost, the stringent regulations established by the regulatory authorities, the specialized infrastructure needed, or the lack of possible reimbursement from health insurances when cells or growth factors are employed.
As the use of cells or growth factors is indeed the most difficult element to be included for bone tissue engineering, despite their acknowledged usefulness, we advocate a shift in the bone tissue engineering paradigm. Mechanical loading is an intrinsic stimulation present in the skeleton. It has been demonstrated in numerous in vivo studies to be correlated to bone regulation [14, 15] . The in situ mechanical stimulation, if considered in an appropriate way, could then replace the cell and growth factor components of the bone tissue engineering strategy. This new paradigm has been proposed recently [16] [17] [18] . To support this approach, we have previously shown that controlled mechanical loadings on rat knee increase the bone volume fraction in polymeric scaffold implanted in the distal femur [19] . Indeed, bone adapts to mechanical stimulation by optimizing its mechanical properties [15] , a process regulated by the interplay between bone formation and bone resorption [20] .
Bone formation, through bone volume quantification, has generally been used to evaluate the in vivo scaffold performances [21] [22] [23] . Bone formation can be observed inside the scaffold as early as 1 week after implantation [24] . On the contrary, the aspects of bone resorption inside the scaffold have so far largely been neglected. Hing et al. [25] studied the effect of silicon level in silicate-substituted hydroxyapatite scaffold on bone formation and resorption using histological evaluations. It was observed that bone resorption inside the scaffold started 3 weeks after implantation. To our knowledge, quantitative measurements of the bone resorption rate inside the scaffold have so far not been reported.
In this study, we hypothesize that a short period of in vivo loading increases the mechanical properties of bone-scaffold constructs. We then hypothesize that loading affects not only the bone formation, but also the bone resorption. We quantify the formation and resorption rates of the bone inside the scaffold longitudinally using in vivo time-lapsed micro-computed tomography (micro-CT).
Materials and methods

Surgery
Both distal femurs of 6 female Wistar rats of weight of 245-250 g were subjected to surgery (Veterinary Authority from the Canton of Vaud, authorizations no. 2140). Animals were anesthetized by Isoflurane, and Morphasol (Swissmedic, Bern, Switzerland) was injected as analgesia. In each leg, a hole of 3 mm in diameter and height was made using a metal drill bit on the lateral side of the distal femur underneath the growth plate. Afterwards, PLA/5wt.% β-TCP scaffolds (80% porous) [26] of the same size were implanted inside the holes [10] . No cells or growth factors were added in the scaffold. The scaffolds were perfused with PBS prior to implantation to remove the air bubbles.
In vivo loading
The loading started 2 weeks after the surgery. The animals were kept under anesthesia by Isoflurane during the loading session. The right knee joint of all animals was loaded in the anterio-posterior direction by loading the tibia axially. The left leg was kept as control. Compressive load of 10 N at 4 Hz for 5 min was applied by a custom-made machine used in previous studies [19, 27] . The magnitude of loading was chosen in a way that animals don't show any sign of pain using their loaded joint after recovery. The animals were loaded every other day resulting in a total of 5 loading sessions being spread out over 10 days. For the remainder of the study, the bone-scaffold constructs were left without a loading intervention.
In vivo micro-CT imaging
Both knee joints of all animals were longitudinally scanned at 7 time points (2, 4, 7, 11, 15, 22 and 35 weeks after surgery) using a SkyScan 1076 in vivo scanner (SkyScan, Kontich, Belgium). Each leg was stretched to separate it from the body and scanned along with two phantoms (Gloor Instruments, Uster, Switzerland) and a tube of water. The same parameters were kept identical for all scans (18 μm, 80 kV, 124 μA, 1 mm Al filter, 600 ms exposure time). Reconstruction and analysis were done using NRecon and CTan software (SkyScan, Kontich, Belgium), respectively. The region of interest (ROI) was selected as a cylinder fitting inside the hole, starting 1 mm from the drill tip mark in the bone close to the cortical bone surface. Bone mineral density (BMD) value of 0.5 g/cm 3 was used to threshold bone. Scaffold was not visible in the images due to the low absorption values of PLA. TCP particles were too small to be detected with the resolution used. Accordingly, bone volume fraction (BV/TV) and BMD of the bone tissue were measured. Furthermore, connectivity density (Conn.D), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) were quantified at all time points in accordance with the guidelines for the assessment of bone microstructure in rodents using micro-CT [28] .
Dynamic bone morphometry
Calculation of the dynamic bone morphometry parameters was based on the fact that we had time-lapsed consecutive images that could be registered to the previous time point. Thus, differences in bone formation and resorption could be visualized and quantified as described earlier [29] . In short, the gray-scale CT data at week 2 served as baseline, while follow-up image data were always registered on the previous time point, i.e. week 4 on week 2 (2-4), week 7 on week 4 (4-7), etc. Afterwards, by adding (gauss-filtered, thresholded) followup measurements, sites of bone formation (only present in second time point), bone resorption (only present in first time point), or quiescent sites (present at both time points) could be visualized. A mask was defined which included the region of the scaffold present at all time points, such that only bone formation and resorption would be captured (and not because of e.g. missing slices). Within this mask, 3D dynamic bone morphometry parameters were calculated according to [29] . Bone formation rate (BFR) with the unit [%/day], was defined as the volume of bone formed between time points, divided by the total volume of the mask, divided by the time between scans. Similarly, the bone resorption rate (BRR) with the unit [%/day], was defined as the volume of resorbed bone per total volume of the mask, per time between scans. The following parameters were defined accordingly to a previous work [29] . Mineral apposition rate (MAR) was the mean thickness of formation packets, divided by the number of days between measurements, with unit [μm/day]. Likewise, mineral resorption rate (MRR) represented the mean depth of resorption pits, per time between measurements, with unit [μm/day]. Mineralizing surface (MS) was calculated as the surface of the formed bone, divided by the bone surface at the initial bone surface of the overlay, reported in percentage. Correspondingly, eroded surface (ES) was calculated by dividing the resorbed bone surface by the bone surface of the earlier time points, reported in percentage.
Finite element modeling
The micro-CT images of all samples were used to evaluate the Young's modulus (E) of bone-scaffold construct over time. To reduce computational cost, images inside the ROI were resampled to have a pixel size of 55 μm. Images were converted to finite element meshes, considering each voxel a hexahedral element using Matlab (Mathworks, Natick, USA). A modified gray-value voxel conversion technique [30] was used to obtain mechanical properties of each element. In short, the gray value (GV) of each voxel was converted to a value between 0 and 1. To this end, the minimum threshold was set to be the lowest GV that can be considered as mineralized tissue. GV below this threshold was set to zero. Accordingly, maximum threshold was set to be GV of the surrounding cortical bone. GV above this threshold was set to one. All elements were given isotropic linear elastic material properties with a Poisson's ratio of 0.3. The Young's modulus was based on the GV of elements:
Where E bone and E Scaffold are the Young's moduli of bone and scaffold, respectively. γ represents the underlying architecture of the element. The value of E Bone is assumed to be 5 GPa and the value of γ was set at 1.5 following Homminga et al. [30] . The value of E Scaffold was measured previously to be 50 MPa [31] . In this model, we assumed that elements are either scaffold (GV = 0), forming bone (0b GV b 1), or fully mature bone (GV = 1). The effect of degradation on architecture and mechanical properties of scaffold was neglected as 2 orders of magnitude separate the mechanical properties of the scaffold and the bone. The mesh was then exported to ABAQUS (Simulia, Providence, USA) for structural analysis. All degrees of freedom of nodes at the bottom of the scaffold were constrained. Axial degrees of freedom of top nodes were coupled together, and infinitesimal strain of 2% was applied on them. Direct sparse solver was used to solve the static structural problem, and by calculating reaction force at the top nodes, the Young's modulus of the constructs was calculated.
Histology
At the end of the study, the animals were euthanized, distal femurs were harvested and fixed with 4% paraformaldehyde, dehydrated using graded ethanol series, cleared in Toluene, and embedded in resin. The bone was cut along the coronal plane into sections of 100 μm in thickness, and was then sanded to 50 μm slides. Safranin O staining was used to differentiate bone, soft tissue, and scaffold.
Statistical analysis
Generalized Additive Mixed Model (GAMM) was used to model and test the effect of loading for all parameters [32] . A separate GAMM was fitted to the measured parameters of each group. The predicted value of each parameter was compared between both groups. To test the difference between the loaded and control groups at each time point, t-test was performed between the predicted values of each group. All statistical analyses were done in R [33] .
To find the best combination of bone morphometric parameters describing the Young's modulus, we fitted a generalized additive mixed model to all possible models, and extracted the adjusted R-squared of each fitted model. Each model was a linear combination of 1 to 6 bone morphometric parameters. The adjusted R-squared can be interpreted as the proportion of explained variance in a model, and is widely used as an indicator of a model's prediction power [34] .
Results
Biomechanical analysis
The structure of the bone formed inside the scaffold (Fig. 1a) . Fig. 1b shows the distribution of strain inside the scaffold. The strain was markedly lower in the bone compared to the pore space and it increased toward the center of the pores. Fig. 2 shows that apparent Young's modulus of bone-scaffold constructs had an s-shaped curve over time. The control group had an inflection point at around 12 weeks, while in the loaded group the inflection point occurred sooner, at 9 weeks. We also observed that the loaded group had significantly higher mechanical properties compared to the control group from 5 weeks onward. At 35 weeks, the Young's modulus of the loaded group was 60% higher than the control group (p-valueb 0.001).
Bone morphometry
Bone formation inside the scaffold started as early as 2 weeks. In both groups, we observed a gradual increase in the bone volume inside the scaffold up to the last measurement point (35 weeks). BV/TV increased almost linearly until 15 weeks, but it gradually reached a plateau at the last two measurement points (Fig. 3a) . The loading had a significant effect on BV/TV from 7 weeks onwards, resulting in 18% higher BV/TV in the last time point compared to the control group (p-valueb 0.001). BMD also increased with time, as an indication of maturation of bone tissue (Fig. 3b) . However, loading had no significant effect on BMD. Conn.D increased up to 15 weeks but then started to decline in both groups (Fig. 3c) . The effect of loading on Conn.D was significant from 6 to 21 weeks. Tb.Th increased with time, but it was not significantly different between the two groups except at the last time point (Fig. 3d) . On the contrary, Tb.Sp decreased in time in both groups and the effect of loading was significantly different only between 4 and 8 weeks (Fig. 3e) . Tb.N increased initially, but reached a plateau at the later measurement times (Fig. 3f) . The effect of loading on Tb.N was significant from 5 weeks until the last measurement. 
Relations between stiffness and bone-scaffold morphometric parameters
Possible correlations between the mechanical and morphometry properties of the scaffold-bone constructs were evaluated. Table 1 shows different models of linear combination of morphometric parameters used to explain the variance of the Young's modulus with their corresponding adjusted R-squared values. The best adjusted Rsquared belonged to the model with BV/TV, Conn.D, Tb.Th and Tb.N as explanatory variables, giving an adjusted R-squared of 0.93. However, BV/TV along with various combinations of Tb.Th, Tb.N and Conn.D also showed the same prediction power. Surprisingly, the model with BV/TV alone was also among the best models and gave an adjusted R-squared of 0.91. The improvement of the model with 3 more variables compared to the model with only BV/TV was almost negligible. It should be noted that no other single bone morphometric parameter was able to explain the variance in Young's modulus as well as BV/TV (Fig. 4) . Fig. 5 shows superimposed images of follow-up time points for a bone-scaffold construct in the loaded and control groups. For both loaded and control groups, the increase in bone volume fraction over time could be explained by the fact that bone formation always exceeded bone resorption. Nevertheless, BFR was significantly greater for the loaded compared to the control groups between 4 and 10 weeks (Fig. 6a) . Bone resorption started from the early time points (between 2 and 4 weeks) and it continued until the last measurement. BRR, which was rather constant for the loaded group, was significantly smaller than the control group between 9 and 18 weeks (Fig. 6b ). This indicated that the loading had a beneficial effect on BV/TV by both increasing bone formation and decreasing bone resorption. When further investigating the shapes of formation/resorption sites, it was found that the thickness of formation and resorption sites gradually decreased over time ( Fig. 6c and d) . MAR was significantly smaller for loaded than control groups between 4 and 14 weeks (Fig. 6c) , while MRR was significantly smaller in the loaded group between 6 and 16 weeks (Fig. 6d) . On the other hand, when examining how much surface was occupied by formation/resorption sites, it was found that for both groups the surface percentage increased over time, and that the surface occupied by formation sites was about twice the surface taken up by resorption sites (Fig. 6e and f) . MS was significantly greater for loaded than control groups from week 5 until the end of the study (Fig. 6e) . On the contrary, ES was significantly smaller for loaded than control groups between week 7 and 21 (Fig. 6f) . This indicates that loading mostly had an effect on the surface area occupied by the formation/ resorption sites rather than their thickness.
Dynamic bone morphometry
Histology
In the region where around the walls of the pores and there was bone marrow in the pores, much like the trabecular bone. In the region where the scaffold was in contact to a cortical bone, however, we observed that the pores were completely filled with bone, similar to the cortical bone (Fig. 7) . The scaffold was still present after 8 months of implantation. The scaffold was present in all samples and no signs of degradation could be observed. We did not compare loaded and control groups using histology.
Discussion
At the onset of the study, we hypothesized that a short initial period of in vivo cyclic loading enhances the long-term mechanical properties of a bone-scaffold construct. To that end, we were able to demonstrate that the initial loading increased the apparent Young's modulus and BV/TV of the bone-scaffold construct by 60% and 18% respectively at 35 weeks as compared to the control group. The increase in BV/TV due to loading was the result of an increase in bone formation rate and a decrease in bone resorption rate. The increase in scaffold mechanical properties when loading is applied has been previously shown but only with scaffolds containing recombinant human bone morphogenetic protein 2 [17] or mesenchymal stem cells [16] . The results obtained in the present study open the possibility to adapt the general paradigm in bone tissue engineering by replacing cells and growth factors with mechanical stimulation as the only additional osteogenic factor. Obviously, this would be possible only if the mechanical stimulation can be controlled. The mechanical stimulation protocol would then need to be carefully defined.
In a previous study, loading starting 3 days after the scaffold implantation resulted in an initial decrease in BV/TV [19] . In the present study, we increased the delay to 2 weeks as we hypothesized that the initial negative effect was because of the early loading. We verified our hypothesis and did not observe an initial decrease in BV/TV when loading started 2 weeks after implantation. Nevertheless, comparing the bone formation rate between the early and late loading study, we observed that the early loading study resulted in a higher BFR than late loading study (data not shown). Therefore, a trade-off between early and late loading has to be determined to optimize the effect of loading on bone formation. Given the results of these two studies, we suggest that the best strategy is to avoid early loading and to start loading within 1 to 2 weeks after surgery.
Loading not only affected the amount of bone in the scaffold, a result already reported in the literature i.e. [17] , but also influenced the architecture of newly formed bone inside scaffold as shown in the present study. Structural and mechanical properties being intimately correlated in bone [35] , we then tried to relate the stiffness with bone morphometric parameters in the scaffold. We found that a combination of BV/TV, Conn.D, Tb.Th, and Tb.N can explain more than 93% of variation in stiffness. However, BV/TV alone could already explain 91% of the variation, implying that the other parameters are of second order in importance. This finding has been reported by others as well [35] [36] [37] . In particular, Kabel et al. [38] studied the effect of bone morphometric parameters on stiffness of the trabecular bone using micro-finite element analysis. They found that BV/TV explained by far the greatest part (84%-94%) of the variation in stiffness. When connectivity density and surface density were included, the correlations increased only marginally to 89%-95%.
Bone volume fraction is the result of two processes, bone formation and bone resorption. Thus, quantifying the effect of loading on these two processes could bring new information to optimize the effect of loading. Indeed, as demonstrated in this study, the possibility to calculate formation/resorption rates over time within the same scaffold is a clear advantage over destructive histology, which only allows single time point to be investigated per scaffold. Employing a technique previously developed and validated for studying remodeling in bone [29] , we applied micro-CT-based dynamic 3D morphometry for the first time in these evolving bone-scaffold constructs to investigate the transient nature of bone formation/resorption. Furthermore, this technique also allowed the determination of the resorption rate, which is not directly accessible in dynamic histomorphometry. Using this analysis, we found that loading had a beneficial effect on the bone-scaffold construct, and acted both by increasing bone formation rate and by decreasing bone resorption rate. Interestingly, this effect was prominent by increasing the surface area occupied by formation sites, and decreasing the surface taken up by resorption sites, while the thickness of formation packets, and the depth of resorption cavities were less affected. In studies where the bone was directly loaded, similar trends have been observed [39] [40] [41] . This indicates that analogous biological processes that cause bone to adapt to loading take place in the scaffold, even weeks after loading is finished.
A limitation in the calculation of formation/resorption rates was that the time spans between measurements differed and were relatively long for the later time points. The calculation of formation/ resorption rates has been shown to be most sensitive for a time-span of 4 weeks between scans [29] . When rates are calculated from larger time intervals, intermediate formation/resorption is not captured, and leads to an underestimation of the rates.
Using trabecular architecture parameters (Tb.Th, Tb.Sp, and Tb. N) for the late time points is questionable, as the bone formed in the cortical region of the scaffold more and more resembled cortical bone (Fig. 7) . Thus, the interpretation of the increase in Tb.Th in the loaded group at the last time point has to be considered with some caution.
The micro-finite element model used had some limitations. We assumed that anything other than the bone is scaffold, as we could not distinguish between scaffold and soft tissue using micro-CT imaging. To compensate for this assumption, we assigned the apparent mechanical properties of scaffold to all elements, i.e. we averaged the soft tissue and scaffold mechanical properties. This assumption does not affect the results significantly as the stiffness of the bonescaffold constructs was mainly provided by bony tissues. Moreover, in order to determine the mechanical properties of the bone, we modified the method proposed by Homminga et al. [30] for the determination of mechanical properties of a trabecular bone. However, no experimental study has been done to verify if this relation is valid for mechanical properties of the bone forming in the scaffold. Thus, in the absence of experimental data on mechanical properties of the forming bone, we modified the available relation for trabecular bone. We also did not consider the deterioration of mechanical properties of scaffold due to degradation. However, as we compared the two groups, we expect the degradation effects to actually cancel out. We can also note that the structure of the scaffolds seemed to be intact after 8 months of implantation (Fig. 7) , though the mechanical properties of PLA might have deteriorated over time.
In conclusion, we found that 5 bouts of cyclic loading after 2 weeks of implantation enhanced the apparent Young's modulus of the bone-scaffold constructs by almost 60% after 35 weeks over the control. This increase in Young's modulus was correlated foremost to the increase in bone volume which was 18% greater than the bone volume in the control group at 35 weeks. We found this increase to be a direct consequence of both an increase in bone formation rate and a decrease in bone resorption rate in the loading group as compared to the control animals.
